Abstract. Interannual fluctuations in the Antarctic Circumpolar Current (ACC) were considered. In the present study we analyze a mode of variability in the Hamburg Large-Scale Geostrophic ocean general circulation model which was driven by stochastic atmospheric forcing. The short-term atmospheric weather fluctuations were represented by a number of spatially coherent patterns of momentum, heat, and freshwater flux which were superimposed onto the climatological fluxes. These patterns were derived from an experiment with an atmospheric general circulation model forced with observed sea surface temperatures, and they were chosen randomly at each month. We found anomalies which propagate along the ACC at an interannual timescale. They can be explained by the combined effects of anomaly advection with the mean ocean circulation and integration of the short-term atmospheric weather fluctuations. Some similarities were found between our results and the concept of the Antarctic Circumpolar Wave, which was proposed recently to account for large-scale anomalies which propagate along the ACC in both the atmosphere and the ocean.
Introduction
Almost unaffected by continental barriers, the Antarctic Circumpolar Current (ACC) encircles the globe and forms one of the largest current systems of the world oceans. By connecting the Pacific, the Atlantic, and the Indian Ocean, the ACC enables the exchange of water masses between these three major ocean basins and plays an important role within the global ocean circulation. The ACC forms the northern boundary for the Southern Ocean, which represents an important component of the climate system. Antarctic bottom water, one of the coldest and densest water masses, is formed in the Southern Ocean. It is this water mass which cools and ventilates most of the volume of the deep oceans [e.g., Schmitz, 1995] .
There is considerable interannual and decadal variability at high southern latitudes, and observations of sea-ice extent suggest that ............
• to propagate ,. Ocean. On the basis of these findings, they doubted that the ACW indeed circles around the globe and concluded that an equally plausible description would have the ACW appear first south of Australia, subsequently moving eastward with intensification, and immediately attenuating after passing Drake Passage. In contrast to Peterson and White, who speculated that the ACW has its source in the ENSO phenomenon, CBR argued that the mode has its origins in the midlatitudes to high latitudes themselves.
Whereas CBR considered the ACW as a phenomenon basically driven by atmospheric forcing, WP and Qiu and Jin [1997] concluded that the ACW is a mode of the coupled atmosphere-ocean sea-ice system and that atmosphere-ocean interaction plays a dominant role in the mechanism of the variability. The latter is a typical approach often used to explain variability of the type described above. An alternative explanation for understanding climate variability was proposed by Hasselmann [1976] with the concept of stochastic climate models. For timescales of a few months and longer the atmosphere is assumed to be in a quasi-equilibrium. The integration of the short-term atmospheric fluctuations transforms the essentially white-noise atmospheric forcing into a red response signal. For a linear system the resulting response spectrum is proportional to co-2 as long as the frequency co is large compared to the inverse of the natural timescale of the slow system and constant at low frequennolds [1983] and later Saravanan and McWilliams [1998] included the effect of oceanic advection and showed that preferred timescales in the slowly varying component of the system may arise, although there is no underlying oscillatory mechanism in the uncoupled ocean or the uncoupled atmosphere. Note, however, that atmosphere-ocean feedbacks are usually neglected in these concepts.
In this paper we describe and analyze a mode of interannual variability in the Southern Ocean of the Hamburg Large-Scale Geostrophic (LSG) OGCM and present a discussion in relation with the mode found by CBR in a coupled atmosphere-ocean model as well as the concept of the ACW. The mode discussed in this paper was identified in an integration in which the LSG OGCM was forced with stochastic wind stresses, heat, and freshwater fluxes superimposed on the climatological fluxes. The response to this type of forcing appears to be dominated by a strong interannual signal in the Southern Ocean, which shows substantial similarities with the mode discussed by CBR. In our experiment the signal can be explained mainly by an integration of the stochastic components of the atmospheric forcing plus ocean advection and some linear ocean feedback. Atmospheric feedbacks are neglected in our study. We suggest that the mechanism presented might be important in the real Southern Ocean.
The OGCM and the experiment are briefly described in section 2. The dominant mode of interannual variability in the Southern Ocean as it appears in the OGCM is described in section 3.1. On the basis of the concept of stochastic climate models, a simple conceptual model for the interannual variability in the ACC is presented and tested against the OGCM results in sections 3.2 and 3.3. Possible oceanic feedbacks are considered in section 3.4. Our results are summarized and discussed in section 4.
Model and Experiment Description

Model and Spin-Up
In the present study the Hamburg Large-Scale Geostrophic (LSG) OGCM as described by Maier-Reimer et al. [ 1993] was used. The model is based on the linearized NavierStokes equations, the conservation equations for heat and salt, and the equations of state [UNESCO, 1981] and continuity. In the latter, incompressibility is assumed. In case of vertical instability, convective adjustment is applied. The model has a free upper surface. A mass flux boundary condition is used at the sea surface. A simple sea-ice model is included. The drift velocity of sea ice consists of the ocean surface velocity plus a component proportional to the near cies. This concept was successfully applied to a number of surface wind. Furthermore, a simple runoff model is inproblems such as midlatitude SST variability [Frankignoul cluded. and Reynolds, 1983] [Arakawa and Lamb, 1977] and, in the present study, was applied with a horizontal resolution of effectively 3.5 ø x 3.5 ø at 11 vertical layers, centered at 25, 75, 150, 250, 450, 700, 1000, 2000, 3000, 4000, and 5000 m depth. A realistic but smoothed topography was used, and a time step of 15 days was applied.
A model spin-up was performed for 5000 years using monthly climatologies of near-surface air temperature from the Comprehensive Ocean-Atmosphere Data Set (COADS) [Woodruff et al., 1987] , wind stress [Hellerman and Rosenstein, 1983] , and the annual mean climatology of sea surface salinity [Levitus, 1982] 
Description of the Experiments
To account for the short-term atmospheric fluctuations which influence the ocean at its upper boundary, stochastic components were added to the climatological fluxes of momentum, freshwater, and heat. These components were derived from a 10-year Atmosphere Model Intercomparison Project (AMIP) simulation (see Appendix) with the ECHAM3-T42 atmosphere general circulation model (AGCM) [Arpe et al., 1993; Roeckner et al., 1992] by averaging the momentum, heat, and freshwater fluxes and the near-surface air temperature over each month and subtracting the climatology. For each month, one set of these anomalies was chosen at random and added to the climatological fluxes in the OGCM simulation. Thus the stochastic components superimposed are spatially coherent but have a whitenoise spectrum with respect to time. In the absence of reliable and sufficiently resolved observational data, this spatial coherence may be regarded as a reasonable approximation for representing the spatial coherence at the synoptic scale of the atmosphere. To account for seasonal variations of the variability, only anomalies from the corresponding month of the atmospheric simulation were chosen. The model was integrated for 7000 years. However, only the last 5000 years were examined in the present study to avoid analyzing the effects of the model's adaption to the new boundar-y conditions. The analysis was restricted to annual mean data.
Interannual Variability in the Antarctic Circumpolar Current
Analysis and Description
To describe the space-time dependent variability appearing in the OGCM, we used the multivariate Principal Oscillation Pattern (POP) technique [e.g., von Storch et al., 1995] . Unlike the Empirical Orthogonal Function (EOF) analysis, which is designed to yield an optimal representation of the covariance structure of the data and not to represent dynamical modes in general, the POP analysis provides a simultaneous analysis of both the spatial features (e.g., propagation) and the spectral characteristics of the data. Examples of the good agreement between the theoretical normal modes of a complex system and those estimated by a POP analysis can be found in the work of Schnur et al. [1993] .
POPs form an eigensystem of the analyzed data q(g, t), where :• is the space coordinate and t is the time coordinate,
q(•, t) --E zi(t)pi(•).
(1 Local values for growth and decay rates can be deduced from the geographical locations of the maxima and minima of the POP patterns [Schnur, 1993] . A schematic sketch obtained from such an analysis is shown in Figure 3 . Three different regions can be characterized. Southwest of Australia and New Zealand, the POP describes a growth of anomalies with an increasing growth rate from west to east. In the region between 160øW and east of Drake Passage the amplitude of the POP decreases. Near Drake Passage the decay is temporally halted. In the Indian Ocean the amplitudes are For the salinities the situation is slightly different. Here the signal is more confined to the upper two layers. At 250 m depth, anomalies of significant amplitude were only found southeast of New Zealand, where they account for roughly 25% of the local salinity variability. The restriction of the signal to a very limited region at deeper layers is probably due to the fact that anomalies here are triggered by changes in the depth of convection due to the propagating surface anomalies. These changes are strongest in regions in which the stability of the vertical stratification is small and where the surface signal is strongest (Figure 1 ).
The interannual variability described is to a large extent characterized by the eastward propagation of temperature and salinity anomalies. The path which the maxima of the anomalies follow coincides well with the trajectory of a passive tracer in the mean current of the model's ACC. We therefore propose that the propagation of the anomalies is basically a result of ocean advection. On the other hand, the generation of the anomalies is probably mainly a result of the integration of the stochastic atmospheric forcing. In the following we want to test the hypothesis that the interannual variability found in the LSG model can to a large extent be described as a combination of the integration of the whitenoise atmospheric forcing, ocean advection, and some linear feedback. On the basis of this hypothesis, a simple conceptual model for the oceanic variability is developed in section 3.2 and compared to the results of the LSG experiment in section 3.3.
A Conceptual Model
To develop a conceptual model that incorporates the three ingredients just identified (i.e., atmospheric forcing, advection, and feedback), we consider the anomaly q(f, t) of some oceanic property like temperature or salinity. Its evolution in time can be described by the general transport equation 
where x denotes longitude and v --s' for later notational convenience.
To examine the spectral characteristics of our simple conceptual model, we apply Fourier transformation in space and time to (6), multiply the result with its complex conjugate, and perform ensemble averaging to yield a relation between the wavenumber-frequency (k-w)spectrum of the atmospheric forcing F,, and that of the oceanic response Fqq, -+ For later reference we also need the variance spectrum, which is just the wavenumber-frequency spectrum (equation (7)) integrated over all wavenumbers,
The variance spectrum of the ocean response also depends on the spectrum of the forcing. If the latter is indepet•dent of co (i.e., white noise) but has a distinct maximum at a certain wavenumber ko, the variance spectrum (equation (8) 3.3.1. Wavenumber-frequency spectra. We compared the wavenumber-frequency spectra calculated from the LSG experiment data with those predicted by our conceptual model (equation (7)). For this purpose we expanded temperature and salinity at 51 øS and 61 øS at the sea surface and at 75 m depth into a series of sine and cosine functions along each latitude belt. The time dependent sine and cosine coefficients bk(t) and ak(t) are assumed to be a random realiza- A large fraction of the SSS variance at 51 øS is accounted for by a standing wavenumber one pattern with a timescale of 40 to 50 years (Figure 5b) . Near the POP period of 6 years, most of the SSS variance is attributed to the propagating part of the spectrum at zonal wavenumbers 1-3 (Figure 5a) . In accordance with the spectrum of our conceptual model (equation (7) number-frequency spectra of SST and of temperature and salinity at 75 m depth at 51 øS and 61 øS. These spectra are similar to that of SSS, however, with a smaller signal-tonoise ratio (not shown). The wavenumber-frequency spectra for temperature and salinity estimated from the LSG experiment data are thus in accordance with those predicted by our conceptual model (equation (7)). The propagation speed of the anomalies is in accordance with a rough estimate of the mean velocity of the ACC in our OGCM.
3.3.2. Spatial forcing patterns. At the end of section 3.2 we discussed the possibility that if most of the atmospheric variability could be attributed to only a few wavenumbers, this may, together with a characteristic velocity scale in the ocean, determine the timescale of the ocean response. To test this hypothesis we used (9) to estimate the wavenumber-frequency spectra of all atmospheric forcing components (boundary temperature, net freshwater flux, and wind stress curl) used in the LSG experiment. Most of the variance in these spectra is attributed to wavenumbers 1-3, depending on the component of the forcing (Figure 7 ). This supports our conceptual model (equation (6)), as a combination of more than one dominant wavenumber in the forcing fields is necessary to account for the zonal modifications of the amplitude of the ocean response as found for the POP mode (Figure 1 ). We will discuss this in more detail in sec- there is general agreement between the wavenumber-frequency spectra derived from our conceptual model (equation (6)) and those of the atmospheric forcing and the ocean response in the LSG experiment. We now apply our conceptual model to the POP-coefficient time series. To check if both spectra are consistent, we fitted the spectrum (equation (8) 
/J(X, t) --A 1 (t) ½oS[klz q-½1 (t)] q-A2(t) cos[k2x + ½2 (t)],
where ki denotes wavenumber, 4)i denotes phase, and Ai denotes the amplitude of the forcing. Three different experiments were carried out. In the first experiment (El) merely a wavenumber three forcing was used (kl -3 and A2(t) -½:t (t) -•52(t) -0), and the amplitude A1 (t) was chosen randomly with respect to time. 
In the second experiment (E2)~we used a s•uperposition of wavenumbers two and three (kl -3 and k2 -2) with a common but randomly chosen amplitude (A1 (t) -A2(t)) and constant phase (41 -42 -0). The third experiment (E3) is similar to E2, except that all amplitudes and phases
Summary and Discussion
The Hamburg LSG OGCM was forced with stochastic components added to the climatological fluxes of momentum, heat, and freshwater. In the Southern Ocean, pronounced interannual variability was excited. It is characterized by salinity and temperature anomalies in the upper levels, which propagate eastward along the ACC at the mean current velocity. The amplitude of the anomalies is at maximum in the Pacific sector of the ACC and almost negligible in the Indian Ocean. Two properties of the atmospheric forcing were found to be important for the interannual ocean variability diagnosed in our OGCM experiment to be explicable in terms of that forcing: the characteristic length scale of the forcing patterns and their stochastic behavior in time, which, in our experiment, is fulfilled by representing the short-term atmospheric weather fluctuations by a number of spatially fixed and coherent patterns of momentum, heat, and freshwater flux which were chosen randomly with respect to time. Some support can be found that this type of forcing represents a first-order approximation of the situation found in the real Southern Ocean: Connolley [1997] showed that the temporal variability in the mean sea level pressure (MSLP) south of 40øS is characterized by a "white" spectrum, which is consistent with "random" forcing by weather events and a "decoupling" ocean integration. He further found that the spatial pattern of MSLP variability shows a large-scale structure that is consistent between observations and various models, and he suggested that the pattern of variability is a characteristic of the land-sea distribution and topography. His findings are supported by the earlier analyses of Mo and White [1985] and Xu et al. [1990] , who showed that a preference of the atmosphere to attribute energy to the zonal wavenumber three in the standing part of the spectrum in midlatitudes of the Southern Hemisphere does exist.
The spatial patterns of the short-term atmospheric weather fluctuations used to force the LSG OGCM in our experiment were obtained from an atmospheric GCM forced with observed SSTs. The probability that the characteristic length scale of these forcing patterns might be simply a result of the response of the atmospheric GCM to the prescribed SSTs appears to be small: Several authors provided evidence that at the interannual timescale the dominant forcing at high southern latitudes is atmosphere to ocean and that the feedback of SST anomalies on the atmospheric circulation is relatively small. Basher and Thompson [1996] found that SSTs in the New Zealand region lagged air temperature anomalies by half a month, which indicates that the dominant forcing is atmosphere to ocean at high southern latitudes. Rowell [1998] investigated an ensemble of six atmosphere model integrations forced with observed SST and sea ice starting from modified initial conditions. He found that the SST forcing has a strong direct effect in the tropics and only little direct effect in the midlatitudes to high latitudes except in spring in the far southeast Pacific. Connolley [1997] used a hierarchy of climate models (uncoupled atmosphere model forced with climatological SST, uncoupled atmosphere model forced with observed SST (AMIP style), and coupled atmosphere-ocean model experiments) together with observations. He showed that although an increase in atmospheric variability is seen within the hierarchy of model runs, even an uncoupled atmospheric model without interannual variations in the SST captures most of the observed atmospheric interannual variability, and he concluded that the models are sufficiently skillful to reproduce the patterns of observed variability. However, it should be emphasized that there is still ongoing discussion on atmosphere-ocean interaction at midlatitudes to high latitudes.
We conclude that the variability occurring in the ACC in our LSG experiment can to a good level of approximation be described by our proposed conceptual stochastic model. In this model, it is the large-scale spatial coherence of the atmospheric forcing which is transferred to the ocean and which together with the average zonal velocity of the ACC determines the timescale of the oceanic variability. This is the same mechanism as described by Saravanan and McWilliams [1998] , who elaborated the role of atmospheric teleconnections in stochastically forcing extratropical ocean variability. They noted that atmospheric variability on timescales of a month and longer is dominated by a few large-scale spatial patterns, whose time evolution has a significant stochastic component. These teleconnections imprint their patterns onto the ocean through the associated flux exchange, possibly modified by ocean advection. As in our model, a spectral peak arises at the timescale set by the ratio of the length scale of the forcing to the advective velocity scale in the ocean. In this theory the ocean essentially plays a passive role; no oscillatory modes are required to explain a preferred timescale of the oceanic variability.
There are strong similarities between the interannual vari- CBR concluded that the propagating oceanic anomalies interact with a spatially fixed resonant atmospheric background pattern such that the oceanic anomalies are selectively amplified or dissipated. They forced a simple onedimensional ocean heat budget model for the ACC with a standing wave given by a spatially fixed wavenumber three and an oscillation period of 4 years. They were able to excite SST anomalies with a zonal wavenumber three distribution which propagate eastward along the ACC. However, no explanation was given where the 4-year period of the atmospheric fluctuations might come from. In contrast, we found that even a stochastic atmospheric forcing is able to generate an organized oceanic response which shows noticeable similarities with the variability described by CBR. By using a similar simple model, we showed in the present study that irregular atmospheric fluctuations in time are sufficient to excite propagating signals in the SST or SSS. With a spatially fixed zonal wavenumber three pattern, we were able to reconstruct basic features of the variability in the ACC such as the spatial scale of the ocean response or the propagation of the anomalies at the mean velocity of the ACC. With a combination of spatially fixed wavenumber three and two patterns as suggested by the results of our wavenumber-frequency analysis of the atmospheric forcing, we were also able to reconstruct the zonal modifications of the amplitude of the interannual variability. In our conceptual model no preferred timescales of the atmospheric forcing are required to explain a preferred timescale of the oceanic variability: A spectral peak of the ocean response arises at the timescale set by the ratio of the length scale of the forcing and the advective velocity scale in the ocean. The ocean essentially plays a passive role. In our experiments the spatial patterns of t ho farplng were chosen randomly in time from an AMlPstyle AGCM experiment. As a result, the variability of the forcing is dominated by standing waves. These waves have essentially similar patterns and amplitudes in observations, coupled GCMs, uncoupled GCMs, and AMIP-style integrations of atmospheric GCMs [e.g., Conolley, 1997; Xu et al., Another difference between the ACW and the mode described in this paper lies in the characteristic zonal wavenumbers of the ocean and the atmospheric properties: WP describe the ACW as mainly a wavenumber two phenomenon. In our OGCM experiment a considerable fraction of the variance of the ocean response and the atmospheric forcing is distributed over the wavenumbers one, two, and three ( Figure 5) , which is similar to the wavenumber characteristic of the mode described by CBR. Since CBR used a completely different ocean model (OPYC3) at even higher resolution in their study, it is unlikely that these differences to observations can be attributed to deficiencies of the ocean models used. If we suppose that all modes under discussion represent the same physical phenomenon, it is more likely that the differences could be attributed either to the atmospheric model from which we derived the atmospheric forcing patterns and which is essentially the same as that used by CBR or to the short observational data record used by WP.
We found that the interannual variability in the Southern Ocean of our OGCM is to a large extent excited by random short-term atmospheric weather fluctuations. The anomalies are advected by the mean ocean circulation, which together with the dominant spatial scales of the atmospheric forcing determines the timescale of the ocean response. Becm•. nf the similarities between thi• stncha•tically excited mode and the variability described by CBR in a CGCM and by WP within observations, we suggest that the mechanism presented might be of some importance in the real Southern All models are forced with the same observed global distributions of SST and sea ice, which are provided in terms of observed monthly averages on a 2 ø x 2 ø spherical grid from which the appropriate interpolations can be made to force each model. A detailed description of the AMIP project can be found in the work of Gates [1992] .
In the present paper we used monthly means of anomalous near-surface air temperatures and momentum, heat, and freshwater fluxes which were derived from an AMIP simulation with the ECHAM3-T42 AGCM [Arpe et al., 1993] .
